[Purpose] We compared ankle temporal motor coordination between stroke, spinal disease and healthy elderly groups, and investigated the relationship between motor impairments and gait speed.
INTRODUCTION
Motor impairments following upper motor neuron syndrome are classified into three types of features: positive, negative, and adaptive 1) . Positive features represent newly emerging phenomena due to upper motor neuron lesions, such as spasticity. Negative features represent the loss of previously existing abilities, as seen in muscle weakness, paresis, and loss of dexterity. Adaptive features are secondary phenomena, such as muscle contracture, as a result of disuse or immobilization. Traditional rehabilitation for patients with upper motor neuron syndrome has emphasized positive features. Under the assumption that exercise that requires high-level effort would aggravate abnormal muscle activity, clinicians have paid less attention to negative or adaptive features 2, 3) . Negative features are currently widely accepted to be more likely than positive features to disturb motor performance [4] [5] [6] . Although the importance of muscle strength is well recognized, motor coordination rarely gains attention. Motor coordination is defined as the ability to adjust precisely and quickly to a changing environment, and can be divided into temporal and spatial components 7, 8) . Canning et al. revealed that muscle strength and motor coordination are distinct phenomena, and suggested that impairment of each should not be confounded 7) . Based on the definition of motor coordination, the present study conducted three assessments to measure temporal ankle motor coordination in a clinical situation: simple reaction time (SRT), the foot-tapping test (FTT), and a rhythm task (RT). SRT is a well-known and widely accepted method of measuring the latency from stimulation to the onset of response 9) . FTT is also a popular method of measuring ankle motor coordination, and a poor performance implies a lesion in the pyramidal tract 10) , with the magnitude reflecting the severity of cervical myelopathy 11) . We also conducted a RT, the reliability of which has already been reported 12) .
Previous studies have reported a relationship between some motor impairments and gait speed. As for negative features, some reports have shown the contributions of plantarflexor 13, 14) and dorsiflexor 15) strength to the gait speed of stroke patients. On the other hand, in terms of positive features, spasticity might have less effect on gait speed, since one meta-analysis 16) reported that improvements in spasticity of stroke patients, after injection of botulinum toxin into the gastrocnemius, resulted in limited changes in gait speed. Nevertheless, to the best of our knowledge, no study has shown a relationship between gait speed and motor impairments, including motor coordination, using multiple regression analysis. By analyzing multiple motor impairments at the same time, we can gain a better understanding of the dominant factors determining gait speed. We investigated the ankle joint: because ankle dorsiflexion reflects gross lower limb motor function in stroke patients 17) ; and to examine correlations between motor impairments and gait speed 18) . The aim of this study was to compare ankle temporal motor coordination among stroke, spinal disease and healthy elderly subjects, and to investigate the relationship between motor impairments and gait speed, using multiple regression analysis.
SUBJECTS AND METHODS
This study was conducted as a cross-sectional observational investigation of motor impairments and gait speed of stroke, spinal disease patients and healthy adults. Both the stroke and spinal disease participants were recruited from a hospital, and the healthy adults were recruited from among participants in community activities. Measurements of the stroke and spinal disease subjects were performed at a hospital, and the same measurements were performed at a community center for the healthy adults.
The participants were 24 subjects with stroke, 19 postoperative spinal disease subjects, and 17 healthy elderly subjects. Subjects were excluded if they had both stroke and spinal disease, or if they had cognitive, language comprehension or auditory deficits. Stroke patients with cerebellar or brainstem lesions were excluded from this study. To maintain the generality of findings, we did not exclude subjects on the basis of severity of motor impairments such as spasticity or muscle strength. Measurements of the spinal disease subjects were conducted 14 days postoperatively. The most common spinal disease in the group was cervical myelopathy, while other patients showed ossification of the posterior longitudinal ligament and yellow ligament. Table  1 shows a summary of the characteristics of each group. The research ethics administration at Harunaso Hospital approved all study protocols (No. 110104), and informed consent was obtained from all participants prior to data collection.
Motor coordination was measured for all three subject groups. The remaining measurements (muscle strength, spasticity, muscle stiffness, somatosensory function and gait speed) were performed only for the stroke and spinal disease group subjects. In the stroke group, the leg on the paretic side was tested. In the spinal disease and healthy elderly groups, the leg on the dominant side was tested. Foot dominance was determined by self-report as the leg normally used to kick a ball.
Motor coordination was assessed using three DIFFER-ENT methods. For simple reaction time, subjects sat in a relaxed position, with their feet on the ground. Subjects responded with ankle dorsiflexion to the sound produced by an electronic metronome (DB-30, Roland), as soon as possible. The metronome emits a light when it produces a beep. A video of each trial was recorded in the sagittal plane at 210 fps using a digital camera (EX-FC100, Casio) placed about 1 m from the chair, and the captured images were analyzed using Image J software (National Institute, USA). Duration from the onset of the light sign (i.e., beep) until the head of the fifth metatarsal bone left the ground was defined as the reaction time. The measurement was conducted 3 times, with an interval of 30 s of rest between trials.
The foot tap test was used as an indicator of movement speed. The FTT is a test of subjects' ability to switch between ankle dorsi-and plantar-flexion, and reflects the level of coordination between agonist and antagonist muscles. Numasawa et al. reported that the results of FTT correlate with the physical function of patients with cervical myelopathy, and performance deteriorates with aging 11) . Although most previous studies have measured FTT in the largest range of motion (ROM), this method might be confounded by muscle strength. Subjects sat in a relaxed position, with their feet on the ground, then tapped the required foot by switching between dorsi-and plantarflexions as many times as possible in 10 s, regardless of the ROM, in order to differentiate motor coordination between agonist and antagonist muscles from muscle strength.
The rhythm task (RT) was undertaken to assess subjects' ability to adjust movement timing to a given rhythm. Subjects were seated on a chair, with their feet on the ground. An electric metronome was used to present the subjects with three different rhythms: 0.8 Hz, 1.6 Hz, and 2.4 Hz. These target timings were chosen based on a previous study 12) . Subjects were instructed to perform alternate dorsi-and plantarflexion as accurately as possible by tapping the foot at the given metronome rhythm. Subjects were not explicitly asked to tap the foot with the largest ROM possible, to minimize the influence of muscle strength on the test. One or two practice sessions were conducted prior to data collection. For each session, the subject had to perform 21 tapping repetitions. An interval of 30 s was given between sessions. A video of each trial was recorded in the sagittal plane at 30 fps using the digital camera placed about 1 m from the chair, and the captured images were analyzed using Image J software. Rhythm error (RE) and rhythm variation (RV) were calculated as indicators of temporal accuracy and consistency of the task, respectively. These parameters were calculated for each rhythm condition, using the following formulae:
RE (s) = |(Target interval) − (Mean of tap-to-tap interval)| RV = Standard deviation of tap-to-tap interval / Mean of tap-to-tap interval A hand-held dynamometer (μTAS F-1, ANIMA) was used to measure force during isometric dorsiflexion and plantarflexion. Subjects lay in the supine position, extending the knee for plantarflexion measurements, while slightly (10-30°) flexing the knee using a pillow for support in the dorsiflexion trials, to exclude the influence of antagonist 19) . This scale was developed to distinguish reflex and non-reflex components of muscle tone by stretching the muscle at different velocities; its validity and reliability have been already reported 20) . Stretch reflex, as an indicator of spasticity, was measured with the knee both extended and flexed in the supine position. Muscle stretch was performed rapidly to induce spasticity.
Both middle-range resistance and final-range resistance on the Ankle Plantar Flexors Tone scale were measured as indicators of muscle stiffness. In addition, passive ROM of ankle dorsiflexion was measured. Each test was conducted with the knee both extended and knee flexed in the supine position. Stretch was performed at a very slow speed in order to avoid confounding muscle stiffness with spasticity.
The lower limb motor item of the Fugl-Meyer assessment 21) was assessed in the stroke group, as a profile of gross lower limb function. Active ROM (AROM) of dorsiflexion was measured using goniometry as an indicator of ankle motor function in the supine position in both the spinal disease and stroke group subjects.
Sensory items of the Fugl-Meyer assessment were also assessed. Fine touch and proprioception of the lower limb were tested in the supine position.
The 10-m walking time (10MWT) was measured using a stop watch. Subjects were allowed to use walking aids, such as a cane or brace, if needed. Subjects were instructed to walk as quickly as possible at a safe speed for 14 m. Subjects' gait was timed between the 2 m and 12 m marks to eliminate acceleration and deceleration effects 22) .
Spearman correlation coefficients were computed to test the relationships of motor coordination measurements among the three subject groups. The Friedman test was used to compare RE and RV among the different rhythms (0.8, 1.6 and 2.4 Hz) in each group. The Wilcoxon matched pairs test was used to test items determined significant by the Friedman test and the significance level was corrected using Bonferroni inequality. Analysis of variation and multiple comparisons were performed to compare SRT and FTT among the groups. The Kruskal-Wallis test was conducted to compare RE and RV among the subject groups. The Mann-Whitney test was used to test significance identified by the Kruskal-Wallis test and the significance level was corrected by Bonferroni inequality. Multiple regression analysis was carried out using a stepwise method, to determine correlations with gait speed. Gait speed was submitted as a dependent variable, and the results for SRT, FTT, 2.4-Hz RE, 2.4-Hz RV, passive ROM (knee extension), stretch reflex (knee extension), dorsiflexion strength, plantarflexion strength and total score of the Fugl-Meyer sensory items were submitted as independent variables. All statistical analyses were performed using IBM SPSS Statistics 17.0 for Windows. Statistical significance was accepted for values of p<0.05 in all tests.
RESULTS
The demographic and test results of the study groups are summarized in Table 1 . Gross lower limb function was high in the stroke group. The results of AROM indicated that ankle motor function was high in the spinal disease group, while some stroke subjects could not actively dorsiflex the ankle. Spasticity and muscle contracture ranged from mild to moderate in both the stroke and spinal disease groups. No severe sensory disorder was observed in either patient group.
Only the stroke group showed significant differences among the three rhythms. The spinal disease and healthy elderly groups did not show significant differences in RE or RV among the three rhythms.
The results of single regression analysis are presented in Table 3 . In the stroke group, RE and RV showed moderate to strong correlations. The relationships of RE and RV to SRT and FTT were weak to moderate. In the spinal and healthy adult groups, relationships between all measurements were weak.
SRT in the stroke group was significantly delayed compared to the spinal disease and healthy adult groups (F=10.121, p<0.01). RE at 0.8 Hz (χ 2 =11.390, p<0.01) and RV at 2.4 Hz (χ 2 =9.792, p<0.01) in the stroke group were significantly impaired compared to the spinal disease and healthy elderly groups (Table 2) . We also compared differences in RE and RV among the three rhythms in each subject group. A significant difference was found only in the stroke group, between 1.6 Hz and 2.4 Hz in RE (χ 2 =9.789, p<0.01), and between 0.8 Hz and 1.6 Hz and 2.4 Hz in RV (χ 2 =17.789, p<0.01). Table 4 shows the results of stepwise multiple regression analysis for both patient groups. Both 2.4-Hz RE and plantar flexor strength were identified as independent factors by stepwise multiple regression analysis in the stroke group. This model accounted for 90.9% of the variation in gait speed between subjects (R 2 adj =0.909). The same multiple regression analysis was undertaken for the spinal disease group and 2.4-Hz RE and SRT were identified as independent factors. This model explained 81.6% of the variation in gait speed (R 2 adj =0.816).
DISCUSSION
Recent studies have revealed that negative features, which have not traditionally received much attention, are more related to functional performance than positive features. Most studies have reported muscle strength as representative of negative features. However, motor coordination is rarely discussed. We therefore measured all three features, positive, negative and adaptive features, in the same subjects, all of whom had a history of upper motor neuron lesions. We adopted three measurements for motor coordination, orientated to distinguish results from muscle strength. Associations among RE, RV, SRT and FTT were weak to moderate, suggesting that each variable was relatively independent and reflected different aspects of ankle motor coordination.
Ada showed two sources of weakness following stroke 23) . Lesions of the neuromotor system lead to a reduction in the number of motor units available for recruitment. Lack of muscle activity and immobility results in secondary weakness. Because a long time had elapsed since stroke onset in the participants in this study, the influence of secondary factors may have been confounded.
In all groups, rhythmic accuracy (i.e., RE) and consistency (i.e., RV) decreased as the given rhythm increased. This result can be explained as a speed-accuracy trade-off. The decrease in temporal coordination was particularly obvious in stroke patients, because RE and RV were significantly disturbed as target rhythm increased, unlike in the spinal disease and healthy elderly groups. Faster rhythm made it more difficult for the stroke patients to correct movement errors in a given interval compared to the spinal disease and healthy adult groups. Furthermore, rhythmic accuracy and consistency were more impaired in the stroke group than in the other groups. SRT was significantly delayed in the stroke group, while FTT was not. These results suggest that supraspinal control plays an important role in SRT and RT, unlike FTT. Wirth et al. reported that rhythmic motor coordination is less impaired in individuals with incomplete spinal cord injury than in stroke subjects 24) . Considering these results, adoption of three measurements allowed successful differentiation of supraspinal motor coordination. This is the first study to investigate the differences in multiple measurements of motor coordination in the lower limb of the same subjects. For a better understanding of these findings, the relationship between brain lesion sites and loss of motor coordination needs to be clarified in the future.
Multiple regression analysis for both patient groups by stepwise multiple regression analysis indicated high validity of the present models, since the F values obtained were relatively high. The identified variables were only negative features, indicating that motor coordination was probably the dominant factor explaining gait speed in both groups. Therefore, in addition to conventional findings that muscle strength is more strongly related to gait speed than positive features such as spasticity 13, 25) , our findings suggest that motor coordination also plays a significant role in determining gait speed. Our findings are more likely to be valid, because we undertook stepwise multiple regression analysis with multiple impairments. These results successfully excluded spurious relationships between motor impairments and gait speed. Thus, interventions for improving gait speed should focus more on negative impairments, particularly on motor coordination, which is controlled by the supraspinal central nervous system. Further research is needed to clarify whether intervention emphasizing motor coordination can indeed effectively improve gait speed. The present investigation had some limitations. We measured only temporal aspects of motor coordination at a single joint, so spatial factors at multiple joints should be taken into consideration in future research. Participants in both the stroke and spinal disease groups showed relatively high motor function of the lower limb. Future investigations including subjects with severe motor function are needed to generalize the findings in this study. Furthermore, we could not clarify the contribution of brain lesion site to motor coordination.
Each of the coordination tests, SRT, FPT and RT, reflect different aspects of temporal motor coordination at the ankle joint. SRT and RT are controlled at the supraspinal level. Negative features, particularly motor coordination, are more associated with gait speed than positive features. Intervention for improving gait speed should therefore focus more on negative impairments, particularly motor coordination, which is controlled at the supraspinal central nervous system.
